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Abstract
Arguably, one of the greatest achievement of many–body physics has been that
of developing the tools for a complete description and a thorough understanding
of superconductivity in metals. At the basis of it one finds BCS theory and the
Josephson effect. The first recognized the central role played by the appearance
of a macroscopic coherent field usually viewed as a condensate of strongly over-
lapping Cooper pairs, the quasiparticle vacuum. The second made it clear that a
true gap is not essential for such a state of matter to exist, but rather a finite expec-
tation value of the pair field. Consequently, the specific probe to study the super-
conducting state is Cooper pair tunneling. Tunneling experiments not only gave a
measurable physical reality to the phase of the pair wavefunction, the Josephson
current being phase dependent. It also provided detailed information concerning
the origin and strength of the pairing force. In fact, once it was understood that
Cooper pair tunneling was mainly the result of the individual, successive transfer
of each of the partners of the pair induced by the mean field potential, and a realis-
tic tunneling Hamiltonian was worked out, it was possible to quantitatively probe
the correlations giving rise to Cooper pair binding and condensation. As a conse-
quence, tunneling experiments helped at eliminating any uncertainty concerning
the electron–electron, electron–plasmon and electron–phonon interactions which
are at the basis of the origin of pairing in metals. The resulting, unified descrip-
tion which treated at the same level of physical and computational accuracy both
tunneling processes (reaction) and the electron–electron interaction screened and
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renormalized by medium polarization effects (structure), also meant the end of
superconductivity as a wide open, speculative field and the beginning of a thor-
oughly quantitative “exact” era, with uncertainties below the 10% level.
From this vantage point of view it is not difficult to argue that important
progress in the understanding of pairing in atomic nuclei will arise from a system-
atic, quantitative study of two–particle transfer reactions on drip line, exotic, halo
nuclei (like for example 11Li), stabilized by the pairing correlations associated
with a single Cooper pair, as well as on many (but still few)–Cooper pair systems
like e.g. the Sn–isotopes, setting equal emphasis on the structure as well as on
the reaction aspects of the process. Time seems ripe for such a study, in keeping
with the fact that one now knows how to correlate pairs of nucleons taking prop-
erly into account the interplay between bare and medium polarization (induced)
nuclear pairing interactions. Also how to calculate the absolute value of the two–
particle transfer cross sections taking properly into account the full non–locality
of the Cooper pairs, as well as the multistep (successive, simultaneous and non–
orthogonality) contributions to it. The above expectation is strongly supported by
the results emerging from the analysis of a broad sample of two–nucleon transfer
data.
In particular, from the analysis of recent data from (p, t) reactions on 11Li and
Sn–isotopes, carried out making use of a unified nuclear field theoretical descrip-
tion of structure and reaction mechanisms, which testify to the fact that theory
is now able to provide an overall account of the experimental findings, in par-
ticular of the absolute two–particle transfer cross section, within experimental
errors and without adjusting any free parameter. This is also true when the multi–
step theory of two–particle transfer together with detailed, microscopic, nuclear
structure wavefunctions is applied to (t, p) and (16O,18O) data associated with the
206Pb(gs) 208Pb(gs) processes.
Keywords: pairing, finite many–body systems, two–nucleon transfer, tunneling
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1. Introduction
Few years ago physicists celebrated all around the world the 50th anniversary
of BCS theory (Bardeen et al. (1957a), Bardeen et al. (1957b), see also Cooper
and Feldman (2011)). The success of such a theory is not so much, or better not
only, the fact that it gave the definitive solution to one of the most spectacular
phenomenon of all of physics –permanent (super)currents estimated to be stable
for 1010
10
y– , but that it provided a paradigm for the phenomenon of spontaneous
symmetry breaking and associated emergent properties (Anderson (1994)). This
paradigm demonstrated to be successful in a variety of fields starting from solid
state physics and extending to nuclear and particle physics, field theory and astro-
physics.
Bohr, Mottelson and Pines developed, in the summer of 1957 (Bohr et al.
(1958)), the basis of the theory of nuclear superfluidity which was eventually ap-
plied to the description of the nuclear structure, in particular to the calculation of
the moment of inertia of deformed nuclei (Belyaev (1959)) and of quadrupole vi-
brations of spherical and of deformed nuclei (Bayman (1960a), Bayman (1960b),
Kisslinger and Sorensen (1963), Be`s (1963), Soloviev (1965), Be`s and Sorensen
(1969); see also Ring and Schuck (1980)).
In subsequent years the consequences of the phenomenon of spontaneous
breaking of gauge symmetry in nuclei was investigated. In keeping with the fact
that generalized rigidity in gauge space constitutes the most basic of the associ-
ated emergent properties, two-particle transfer reactions are the specific probe to
study the individual members of the associated pairing rotational and vibrational
bands (Bohr (1964), Be`s and Broglia (1966), Bohr and Mottelson (1975), Brink
and Broglia (2005)), a feat which is totally out of reach in the case of tunneling
between two superconductors in condensed matter (Josephson (1962)).
Due to the fact that the number of Cooper pairs participating in the nuclear
condensate is small, 5–10 in the case of typical superfluid nuclei like the Sn–
isotopes, one can study the phenomenon in terms of specific orbitals, some of
which play an essential role in the transfer process (hot orbitals). For this pur-
pose, absolute differential cross sections dσ((A + a) −→ ((A + 2) + (a − 2)))/dΩ
must be measured as well as calculated (Yoshida (1962), Ascuitto and Glenden-
ning (1969), Ascuitto et al. (1971), Glendenning (1963), Glendenning (1965),
Bjerregaard et al. (1966), Glendenning (1968), Bayman (1971), Broglia (1973),
Broglia et al. (1973), Charlton (1976), Hashimoto and Kawai (1978), Takemasa
et al. (1979), Bayman and Chen (1982), Maglione et al. (1985), Igarashi et al.
(1991), Becha et al. (1997), Tanihata et al. (2008), Potel et al. (2010)).
Much has been learned concerning pairing correlations in finite many–body
systems by studying metallic grains at low temperatures (c.f. Anderson (1959),
Perenboom et al. (1981), Lauritzen et al. (1993), Farine and Schuck (1999), Farine
and Schuck (2002)), atomic clusters (Palstra et al. (1995), Gunnarsson (1997),
Gunnarsson (2004), Broglia et al. (2004)) as well as by using semiclassical ap-
proximations (see e.g. Bengtsson and Schuck (1980), Kucharek et al. (1989),
Broglia and Winther (2004) and references therein). Also by studying the man-
ifestation of Berry phase in rotating nuclei (Nikam and Ring (1987); see also
Broglia (1986)), as well as of pairing fluctuations and phase–transitions as a func-
tion of spin in highly rotating nuclei (see e.g. Bengtsson and Frauendorf (1979),
Bernath et al. (1993),Shimizu et al. (1989) and refs. therein). New perspectives
in the study of pairing correlations among nucleons are being opened through
the study of exotic nuclei lying along the drip lines in general, and of halo nu-
clei in particular. Insight into these systems through two-particle transfer reac-
tions (Lenske and Schrieder (1998), Khan et al. (2004), Matsuo and Serizawa
(2010)), and also with break–up (Barranco et al. (1993),Bertsch et al. (1998), Au-
mann (2005)) and high–energy knock–out reactions (Hansen and Tostevin (2003),
Tostevin et al. (2004), Tostevin (2007)) is expected to shed light on the relative role
the bare and the induced pairing interactions play in regions of very low density
(see e.g. Fig. 2 of Richter (1993), and Fig. 3.21 of Heyde (1997), Broglia, pri-
vate communication), but also on BEC of dilute Fermi gases (see e.g. Pethick and
Smith (2009) and references therein), where single–pair transfer experiments are
not possible.
In fact, and in keeping with the insight provided by the results of tunneling
experiments concerning pairing in metals(Josephson (1962), Anderson (1969),
Josephson (1969), Scalapino (1969), Mc Millan and Rowell (1969), Esaki (1974),
Giaever (1974), Josephson (1974), Nambu (1995)), much is expected to be learned
concerning the effective, strongly renormalized interaction responsible for the
presence of Cooper pairs in the nuclear medium, by measuring the two–particle
differential cross sections and strength functions (energy dependence of the tun-
neling phenomenon). Within this scenario, the two–particle transfer reactions car-
ried out at Ganil (Keeley et al. (2007b)), Chatterjee et al. (2008), TRIUMF (Tani-
hata et al. (2008),Ball et al. (2011)) and Dubna (Golovkov et al. (2009)) as well
as those in the planning stage which eventually will be studied, are expected to
expand in an important way the frontiers of our knowledge concerning quasispin
pair alignment (Anderson (1958), Bohr and Ulfbeck (1988)) and dynamical pair
correlations in nuclei.
The paper is organized as follows. Section 2 provides a qualitative discus-
sion of two–nucleon transfer reactions, while section 3 presents the associated
formalism needed to carry out detailed calculations. In section 4 a unified nuclear
structure–reaction mechanism analysis of the experiment 11Li(1H,3H)9Li (Tani-
hata et al. (2008)) on the single–Cooper pair, exotic, halo nucleus 11Li is discussed
in detail, setting equal emphasis on the structure as well as on the reaction aspects
of the analysis. This analysis provides clear evidence for the role the exchange of
collective vibrations between Cooper pair partners plays in stabilizing these build-
ing blocks of nuclear superfluidity. Section 5 deals with a similar analysis carried
out in connection with the reaction 122Sn(p, t)120Sn (Guazzoni et al. (1999)) while
in Section 6, a vlow−k shell model analysis of the 112Sn(p, t)110Sn (Guazzoni et al.
(2006)) is reported. In other words, Sections 5 and 6 present a detailed analysis
of the insight two–nucleon transfer reaction can provide in the study of pairing
rotational bands. Section 7 reports on the microscopic calculation of the absolute
two–neutron transfer reaction cross section associated with 206Pb(t, p)208Pb (gs),
thus providing an example of a quantitative analysis of the excitation of a member
of a pairing vibrational band (Be`s and Broglia (1966)). Making use of the same
nuclear structure input, the heavy ion reaction 208Pb(16O,18O)206Pb (Bayman and
Chen (1982)) is discussed in Section 8. The conclusions, which are collected in
Section 9 are very simple to state: the present work marks, arguably, the beginning
of a completely new era in the study of nuclear structure with two–nucleon trans-
fer reactions, in which the previous qualitative and semi–quantiative arguments
are now placed on a sound basis.
2. Two–nucleon transfer reactions
At the origin of the BCS many–body theory of superconductivity one finds
Cooper’s solution of a system composed of two–electrons lying on top of the
Fermi surface and interacting through an attractive force, all the other electrons
playing a role only through the exclusion principle (Cooper (1956)). The ground
states of 210Pb and of 11Li, in which two neutrons move around the cores 208Pb and
9Li respectively, provide nuclear embodiments of Cooper’s model (see Fig. 1).
2.1. The qualitative picture
Much is known concerning two–nucleon pairing correlations of |210Pb (gs)〉,
a system which has been studied in detail also in terms of two–nucleon transfer
reactions (see e.g. Broglia et al. (1973) and refs. therein). In this pair addition
mode the two nucleons are correlated over a distance ξ = ~vF/2Ecorr, where Ecorr
plays the role of the pairing gap for open shell, superfluid, nuclei. In the case
of 210Pb, Ecorr ≈ 1.2 MeV. Thus ξ = 25 fm. Of course, if the two nucleons are
subject to an external field (the central potential generated by e.g. the 208Pb core),
they cannot move away from each other more than 14 fm (see Fig. 1), in keeping
with the fact that the radius of 208Pb is ≈ 7 fm. On the other hand, in a heavy ion
reaction with e.g. impact parameter 17 fm (see Fig. 2 (a) and (b)), the central
single–particle potential acting on one of the two nucleons to be transferred is
much stronger than typical values of the pairing field. It will thus be this potential
responsible for the transfer of one partner of the Cooper pair at time t1 and of the
second one at time t2 (see Fig. 2 (d)). And this two–step process will take place
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Figure 1: (a) Schematic representation of a two–particle correlated state (pair vibration:
pair addition mode). This object (Cooper pair; arrowed double line) is highly non–local,
the fermions participating in it, and represented by a single arrowed line feeling the pres-
ence of the partner within distances inversely proportional to their correlation energy (light
grey area) a fact which, in the case of halo exotic nuclei, leads to an increase of the effec-
tive nuclear radius of the systems by about 50% as compared with the systematics. This
may not sound much, if it were not for the fact that nuclear matter is highly incompress-
ible and that small changes in the nuclear radius may imply nuclear instability. The mean
single–particle field (dark grey area) can be viewed as an external field confining each of
the member of Cooper pairs individually whose partners are correlated over distances con-
siderably larger than nuclear dimensions, (b) the bare NN interaction (dotted horizontal
line) correlating pairing vibrations can be renormalized through the interweaving of the
nuclear pair with collective density, spin and isospin vibrations (wavy lines) making use
of the particle–vibration coupling mechanism in terms of self–energy and vertex correc-
tions, (c) direct one–particle pick–up can excite a 2p–1h like state while (d) two–particle
pick–up may lead to a collective 1p–1h excited final state.
without loss of (pairing) correlation between the two nucleons. In other words,
the Cooper pair is equally well formed at t < t1 and t > t2 (where the relative
distance between the two neutrons is always less than 15 fm), than at t1 < t < t2
where this distance can be much larger (≈ 24) fm. A similar argument applies to
the discussion of the origin of the non–orthogonality contribution (see Fig. 2 (c)).
3. The calculation of absolute cross sections
In connection with the microscopic description of the tunneling process asso-
ciated with the Josephson effect, (Cohen et al. (1962)) one can use the Hamiltonian
H = H1 + H2 +
∑
k,q
Tkq(a
†
k↑aq↑ + a
†
−q↓a−k↓) + h.c., (1)
where H1 and H2 are the separate Hamiltonians of the two superconductors on
each side of the barrier; Tkq is the exponentially small tunneling matrix element
from state k on one side to state q on the other, and the relationship of phases
shown is required by time reversal symmetry. One of the many procedures for
arriving at (1) is to find sets of single–particle functions for each side of the barrier
separately, in the absence of the potential of the other metal: then one eliminates
the nonorthogonality effect by perturbation theory. Let us now see how the above
considerations translate in the case of the transfer of pairs of nucleons in a nuclear
reaction, both in the case of a heavy ion and of light ion reactions.
3.1. Semiclassical calculations (heavy ions)
A very accurate and physical intuitive picture of heavy ion reactions, in par-
ticular of two–particle transfer reactions,
a(= b + 2) + A −→ b + B(= A + 2), (2)
described by the total hamiltonian
H = TaA + Ha + HA + VaA,
= TbB + Hb + HB + VbB,
(3)
is obtained by assuming that the relative motion of the centers of mass of the two
ions can be described, in both entrance α(≡ (a, A)) and exit β(≡ (b, B)) channels,
classically (Broglia and Winther (2004)).
In (3) TaA is the kinetic energy of relative motion, Ha and HA the Hamiltonians
describing the intrinsic degrees of freedom of nuclei a and A respectively, while
VaA is the effective interaction between the nucleons in a and the nucleons in
Figure 2: Schematic representation of the transfer of two correlated nucleons in first–order (c)
and in second–order perturbation theory (d). In the first case a nucleon is transferred through the
single–particle potential U1A acting at time t1 (dotted vertical line). The second nucleon follows
suit (dashed curve) through the non–orthogonality of the wavefunctions belonging to different
nuclei and, at time t2, it can be considered as a nucleon belonging to the nucleus B. In the second
case, one nucleon is acted upon at t = t1 by the single–particle field generated by the core A (U1A,
dotted vertical line), and upon the second one at t = t2. In all cases the correlation between the
two nucleons is maintained throughout in keeping with the fact that ξ ≈ 30 fm. The wavy lines in
both (c) and (d) indicate the correlations existing between the members of the Cooper pair, entity
which is represented by two–particle arrowed lines (pair addition mode). The light grey area in
(a) indicates the (virtual) extension of the Cooper pair wavefunction, the darker one the actual
extension of the single–particle wavefunctions in the external single–particle field U1b. When the
ion a comes to the closest distance of approach from the target ion A (see (b)), the Cooper pair
wavefunction turns from virtual to real extending now over essentially a length equal to ξ. Transfer
will receive (important) contributions over distances of ξ , as schematically shown with the help
of a small volume of the Cooper pair wavefunction (solid circle). Of course, the transfer integral
〈ϕ(A)Cooper |U1A|ϕ(b)Cooper〉 receives contributions also from small distances, namely from all the dark
grey area.
A. Similar notation has been used to describe the corresponding ions in the exit
channel.
All the information concerning the process (2) is obtained by solving the time–
dependent Schro¨dinger equation
i~
∂ψ
∂t
= Hψ, (4)
with the initial condition that the nuclei a and A are in their ground states, and that
the relative motion is described by a narrow wavepacket χ(~rβ − ~Rβ(t)) of rather
well–defined impact parameter and velocity. Let us expand ψ on the channel
wavefunctions ψβ = ψbm(ξb)ψ
B
n (ξB) exp(iδβ), according to
ψ =
∑
β
c((rβ − Rβ), t)ψβ(t)e−iEβt/~,
=
∑
β
aβ(t)χ(~rβ − ~Rβ(t), t)ψβ(t)e−iEβt/~.
(5)
Upon inserting (5) in (4), one obtains the coupled equations
i~
∑
β
a˙β(t)〈ψξ |ψβ〉~Rξγe−iEβt/~ =
∑
γ
〈ψξ |Vγ − Uγ(rγ)|ψγ〉~Rξγaγ(t)e−iEβt/~, (6)
which, together with the condition aγ(−∞) = δ(γ, α), allows to calculate aβ and
thus the transfer reaction cross section, proportional to |aβ|2. The sub–index on
the matrix elements indicate that in the integration over the degrees of freedom of
the two nuclei, the average center–of–mass coordinate ~rβγ = 12 (~rβ + ~rγ) should be
identified with the average classical coordinate, that is,
~rβγ → ~Rβγ = 12 (~Rβ + ~Rγ). (7)
Of notice that
〈ψγ|Vγ − Uγ|ψγ〉 = 0, (8)
defines the ion–ion potential Uγ to be the expectation value of the interaction Vγ
in the γ–channel.
A characteristic feature of the coupled equations (6) is the presence of the
overlap 〈ψξ |ψβ〉 on the left hand side. If ξ and β describe two channels of the same
partition, e.g. ξ = β′, the prime indicating excited states of the nuclei b and B, the
overlap matrix is diagonal, namely,
g(~R) = 〈ψ′β|ψβ〉~R = δ(β′, β). (9)
If ξ and β describe different partitions, the overlap 〈ψξ |ψβ〉 is different from zero
in the region where the densities of the two nuclei overlap (non–orthogonality).
The coupled equations (6) can be written in a more compact way by introduc-
ing the adjoint channel wavefunction
ωξ =
∑
γ
g−1ξγψγ, (10)
fulfilling the orthogonality relation
(ωξ, ψβ) = δ(ξ, β). (11)
Solving (6) in second order perturbation theory one obtains
aβ(t) = (aβ(t))(0) + (aβ(t))(1) + (aβ(t))(2), (12)
where
(aβ(t))(0) = δ(β, α), (13)
(aβ(t))(1) =
1
i~
∫ t
−∞
〈ωβ|Vα − Uα|ψα〉~Rαβei(Eβ−Eα)t
′/~dt′, (14)
and
(aβ(t))(2) =
(
1
i~
)2 ∑
γ
∫ t
−∞
〈ωβ|Vγ − Uγ|ψγ〉~Rβγ(t′)ei(Eβ−Eγ)t
′/~dt′
×
∫ t′
−∞
〈ωγ|Vα − Uα|ψα〉~Rγα(t′′)ei(Eγ−Eα)t
′′/~dt′′.
(15)
The state vectors |ω〉 have to include the non–orthogonality effects between chan-
nels β, γ and α. To second order one finds
ωβ =ψβ −
∑
γ,β
〈ψγ|ψβ〉~Rγβψγ
+
∑
γ,β,α
〈ψα|ψγ〉~Rαγ〈ψγ|ψβ〉~Rγβψα.
(16)
Out of the very many second–order processes, we shall here only discuss the
second–order effects in the two nucleon transfer reaction A+a(= b+2 nucleons)→
B(= A+2 nucleons)+b, where the intermediate channel γ corresponds to the one–
nucleon transfer channel F(= A + 1 nucleons) + f (= b + 1 nucleons).
Inserting ωβ in (14) and in (15) one finds that the two–nucleon transfer ampli-
tudes can be written as
a(∞) = (aβ)(1) + (aβ)orth + (aβ)succ (17)
up to second order of perturbation theory. The associated differential cross sec-
tion is obtained by multiplying the elastic cross section calculated in terms of the
deflection function by |a(∞)|2.
The different quantities appearing in (17) are
(aβ)(1) =
1
i~
∫ ∞
−∞
dt〈ψβ|Vα − Uα|ψα〉~Rβαei(Eβ−Eα)t/~, (18)
(aβ)succ =
(
1
i~
)2 ∑
γ,(β,α)
∫ ∞
−∞
dt〈ψβ|Vγ − Uγ|ψγ〉~Rβγ(t)ei(Eβ−Eγ)t/~
×
∫ t
−∞
dt′〈ψγ|Vα − Uα|ψα〉~Rγα(t′)ei(Eγ−Eα)t
′/~,
(19)
and
(aβ)orth = − 1i~
∑
γ,(β,α)
∫ ∞
−∞
dt〈ψβ|ψγ〉~Rβγ(t)
× 〈ψγ|Vα − Uα|ψα〉~Rγαei(Eβ−Eα)t/~.
(20)
The first term (aβ)(1) describes the simultaneous transfer of two nucleons. The
two–step successive transfer is described by (aβ)succ, while (aβ)orth is a second–
order contribution arising from the non–orthogonality of the wavefunctions asso-
ciated with the different channels considered.
It is of notice that the main contribution to (18) arises from the single particle
potential in channel α and the overlap between the single–particle wave functions
of a nucleon in a(= b + 2) and in B(= A + 2). The contribution of the two–body
pairing interaction, also present in (18) leads to a very small contribution.
In keeping with the above discussion, in the independent particle model, that
is in the case in which there are no correlation between nucleons
∑
γ |ψγ〉〈ψγ| = 1,
(20) cancels exactly (18). The transfer reaction is then described as a purely suc-
cessive transfer by the amplitude (19), as expected. In the opposite limit of very
strong correlations between nucleons one expects that two–particle transfer oc-
curs essentially as a simultaneous transfer process. This can be seen rewriting
(18)–(20) in the post–prior representation. In this representation, at variance from
the prior–prior representation of (19), the non–orthogonality term gets absorbed
in the successive term which now reads
(a¯β)(2) =
(
1
i~
)2 ∑
γ
∫ ∞
−∞
dt〈ψβ|Vβ − Uβ|ψγ〉~Rβγei(Eβ−Eγ)t/~
×
∫ t
−∞
dt′〈ψγ|Vα − Uα|ψα〉~Rγαei(Eγ−Eα)t
′/~.
(21)
The expression (18) remains identical because of the post–prior symmetry. In the
case in which the two particles to be transferred have a very strong mutual interac-
tion V12, (a¯β)(2) becomes very small. This is because in the intermediate state one
has to break a pair, an event which becomes less and less likely as V12 increases.
Because in (21) the transfer potential does not contain V12, the effect mentioned
above implies that (a¯β)(2) → 0 as V12 → ∞. Now, in actual situations V12  〈V〉,
the first picture (i.e. a(1) ≈ −(a)orth) applies, and two–particle transfer process can
be essentially viewed as a successive transfer process. In terms of the transfer
amplitude (17), the differential cross section can be written as
dσ
dΩ
= | f (θ)|2, (22)
the scattering amplitude being
f (θ) =
1
2k
∑
l
(2l + 1) exp[2i(σl + δl)]al(∞)Pl(cos θ), (23)
where σl and δl are the Coulomb and nuclear elastic phase shifts.
3.2. Quantal calculations (heavy and light ion reactions)
Similar calculations can be carried still for the case of heavy ion reactions,
fully quantum mechanically. In the case of light ions this requirement, for en-
ergies of few MeV per nucleon, is a must. In what follows we shall exemplify
the workings of the closely interweaved structure–reaction formalism presented
above to probe, through two particle transfer reactions, pairing correlations in
atomic nuclei. We shall discuss two examples in detail, namely the 11Li(p, t)9Li
and the 122Sn(p, t)120Sn(gs) reaction processes, where a unified picture of both
structure and reactions is available. We shall also comment on the reactions
112Sn(p, t)110Sn(gs), 206Pb(t, p)208Pb(gs) and 208Pb+16O→ 206Pb+18O.
In second order DWBA we need to calculate the simultaneous (T (1)), succes-
sive (T (2)succ) and non–orthogonal (T
(2)
NO) contributions to the transition amplitude
between the initial ( ji)2 and final ( j f )2 single–particle states (Bayman and Chen
(1982)), namely,
T (1)( ji, j f ) = 2
∑
σ1σ2
∫
dr f Fdrb1drA2[Ψ j f (rA1, σ1)Ψ j f (rA2, σ2)]0∗0 χ
(−)∗
bB (rbB) (24a)
× v(rb1)[Ψ ji(rb1, σ1)Ψ ji(rb2, σ2)]00χ(+)aA (raA),
T (2)succ( ji, j f ) = 2
∑
K,M
∑
σ1σ2
σ′1σ
′
2
∫
dr f Fdrb1drA2[Ψ j f (rA1, σ1)Ψ j f (rA2, σ2)]0∗0 (24b)
× χ(−)∗bB (rbB)v(rb1)[Ψ j f (rA2, σ2)Ψ ji(rb1, σ1)]KM
×
∫
dr′f Fdr
′
b1dr
′
A2G(r f F , r
′
f F)[Ψ
j f (r′A2, σ
′
2)Ψ
ji(r′b1, σ
′
1)]
K
M
× 2µ f F
~2
v(r′f 2)[Ψ
ji(r′A2, σ
′
2)Ψ
ji(r′b1, σ
′
1)]
0
0χ
(+)
aA (r
′
aA),
T (2)NO( ji, j f ) = 2
∑
K,M
∑
σ1σ2
σ′1σ
′
2
∫
dr f Fdrb1drA2[Ψ j f (rA1, σ1)Ψ j f (rA2, σ2)]0∗0 (24c)
× χ(−)∗bB (rbB)v(rb1)[Ψ j f (rA2, σ2)Ψ ji(rb1, σ1)]KM
×
∫
dr′b1dr
′
A2[Ψ
j f (r′A2, σ
′
2)Ψ
ji(r′b1, σ
′
1)]
K
M
× [Ψ ji(r′A2, σ′2)Ψ ji(r′b1, σ′1)]00χ(+)aA (r′aA).
In these expressions, the spatial and spin coordinates of the two transferred nu-
cleons are explicitly referred to with the subscripts 1 and 2. The subscripts A and
b indicate the core to which the position of each of the nucleons are referred to.
The vectors raA, rbB and r f F are the relative motion coordinates in the initial, final
and intermediate channels respectively. The transition potential responsible for
the transfer of the pair is, in the post representation,
Vβ = vbB − Uβ, (25)
where vbB is the interaction between the nuclei B and b, and Uβ is the optical
potential in the final channel. We make the assumption that vbB can be decomposed
into a term containing the interaction between the cores A and b and the potential
describing the interaction between b and each of the transferred nucleons, namely
vbB = vbA + vb1 + vb2, (26)
where vb1 and vb2 is the same mean field potential we have used to define the
single–particle wavefunctions of the neutrons in the nucleus a. The transition
potential is
Vβ = vbA + vb1 + vb2 − Uβ. (27)
Assuming that 〈β|vbA|α〉 ' 〈β|Uβ|α〉 (i.e, assuming that the matrix element
of the core–core interaction between the initial and final states is very similar to
the matrix element of the real part of the optical potential), one obtains the final
expression of the transfer potential in the post representation,
Vβ ' vb1 + vb2. (28)
This last approximation seems reasonable when dealing with heavy ion reactions
in which there is no charge transfer, but more care has to be exerted when dealing
with reactions in which light ions are involved.
To calculate the total pair transfer amplitude, a sum of the contributions asso-
ciated with each mean field contribution, labeled by the quantum numbers ( ji, j f )
and weighted with the correspondent two–nucleon spectroscopic amplitude B j, is
to be carried out leading to
T2NT =
∑
j f ji
B j f B ji
(
T (1)( ji, j f ) + T (2)succ( ji, j f ) − T (2)NO( ji, j f )
)
. (29)
The quantity B j ≡ B( j = 0; j, j) is a special realization of the two–nucleon spec-
troscopy amplitude
B(J; j1, j2) =
∑
M,Mi
〈Ji Mi JM|J f M f 〉〈ΨJ f M f |P†( j1, j2; JM)|ΨJi Mi〉, (30)
where
P†( j1, j2; JM) = N
∑
m
〈 j1 m j2 M − m|J M〉 a†j1ma†j2 M−m, (31)
is the (renormalized) pair creation operator. In other words,B(J; j1, j2) is the am-
plitude of finding in the |A+2; J f ,M f > nuclear state, two nucleons moving in the
single–particle orbitals j1 and j2 and coupled to angular momentum J, on top of
the state |A; Ji,Mi >, coupled to total angular momentum (J, Ji)J. Of notice that
in Eq. (29) the nuclear structure information which is essentially all contained in
the amplitudes Bi j, is closely interweaved with the reaction amplitudes. This is
the reason why the absolute value of two–nucleon transfer cross sections can dis-
play large enhancements as compared to pure configuration cross sections, thus
revealing the coherence of (Cooper) pair correlations resulting from the pairing
interaction. Eq. (29) also testifies to the fact that quantitatively accurate descrip-
tion of pair transfer requires to treat on par both structure and reaction aspects of
the process. Within this scenario Eq. (29) provides another circumstantial evi-
dence strongly supporting the fact that structure and reactions are but two aspects
of the same many–body physics.
The differential cross section associated with the two–particle transfer ampli-
tudes discussed above can be written as
dσ
dΩ
=
µiµ f
(4pi~2)2
k f
ki
|T2NT |2, (32)
where µi, µ f are the reduced masses in entrance and exit channels respectively,
while k f , ki are the corresponding relative momenta.
4. The 11Li
(
1H, 3H
)
9Li reaction: pairing in exotic halo light nuclei
In halo nuclei, some of the constituent neutrons or protons venture beyond the
drop’s surface and form a misty cloud or halo. Not surprisingly, these extended
nuclei behave very differently from ordinary (“normal”) nuclei lying along the
stability valley in the chart of nuclides. In particular, they are larger than normal
nuclei of the same mass number, and they interact with them with larger cross
sections as well. In the case of 11Li, the best studied drip line exotic halo nucleus,
the last two neutrons are very weakly bound. Consequently, these neutrons need
very little energy to move away from the nucleus. There they can remain in their
“stratospheric” orbits, spreading out and forming a tenuous halo. If one neutron
is taken away from 11Li, a second neutron will come out immediately, leaving
behind the core of the system, the ordinary nucleus 9Li. This result testifies to the
fact that pairing, plays a central role in the stability of 11Li.
The basic experimental facts which characterize 11Li (Shulgina et al. (2009)
and refs. therein) and which are also of particular relevance in connection with
pairing in this system are: a) 93Li6 and
11
3 Li8 are stable,
10
3 Li7 is not, b) the two-
neutron separation energy in 11Li is only S 2n = 378 ± 5; 369.15 ± 0.65 MeV,
(Bachelet et al. (2008); Smith et al. (2008)) as compared with values of 10 to 30
MeV in stable nuclei, c) 10Li displays s- and p-wave resonances at low energy,
their centroids lying within the energy range 0.1-0.25 MeV and 0.5-0.6 MeV re-
spectively (Zinser et al. (1995)) while these orbitals are well bound in nuclei of
the same mass lying along the stability valley, d) the mean square radius of 11Li,
〈r2〉1/2 = 3.55 ± 0.10; 3.27 ± 0.24; 3.12 ± 0.06 fm (Kobayashi et al. (1989), Al-
Khalili and Tostevin (1996) , Hansen (1996), Shulgina et al. (2009)) is very large
as compared to the value 2.32±0.02 fm of the 9Li core, and testifies to the fact that
the neutron halo must have a large radius (≈6-7 fm), e) the momentum distribution
of the halo neutrons is found to be exceedingly narrow, its FWHM being equal to
σ⊥ = 48 ± 10 MeV/c for the (perpendicular) distribution observed in the case of
the break up of 11Li on 12C, a value which is of the order of one fifth of that mea-
sured during the break up of normal nuclei (Kobayashi (1993); Tanihata (1996))
f) the ground state of 11Li is a mixture of configurations where the two halo nu-
cleons move around the 9Li core in s2− and p2−configurations with almost equal
weight (Aoi et al. (1997); Simon et al. (1999)) while the wavefunctions of nuclei
displaying two valence nucleons, although being strongly mixed are, as a rule,
dominated by a single two-particle configuration.
Before discussing the sources of pairing correlations in 11Li, the single–particle
resonant spectrum of 10Li has to be treated. Below we shall follow the Nuclear
Field Theory (NFT) description of these subject (see e.g. Be`s et al. (1976),Mot-
telson (1976),Bortignon et al. (1977)), mainly following Barranco et al. (2001).
The basis of (bare) single-particle states used was determined by calculating the
eigenvalues and eigenfunctions of a nucleon moving in the mean-field of the 9Li
core, for which a Saxon-Woods potential parametrized following Bohr and Mot-
telson (1969), Vol I, Eqs. (2-181,2-182); Bortignon et al. (1998), Eq.(3.48) was
used.
The continuum states of this potential were calculated by solving the problem
in a box of radius equal to 40 fm, chosen so as to make the results associated
with 10Li and 11Li discussed below, stable. While mean field theory predicts the
orbital p1/2 to be lower than the s1/2 orbital (cf. Fig. 3, I(a)), experimentally the
situation is reversed. Similar parity inversions have been observed in other iso-
tones of 103 Li7, like e.g.
11
4 Be7. Shell model calculations testify to the fact that the
effect of core excitation, in particular of quadrupole type, play a central role in
this invertion (Sagawa et al. (1993), Gori et al. (2004), cf. also Vinh Mau (1995)).
In keeping with this result, the effect the coupling of the p1/2 and s1/2 orbitals of
10Li to quadrupole vibrations of the 9Li core has on the properties of the 1/2+ and
1/2− states of this system has been studied (monopole and dipole vibrations dis-
play no low-lying strength and their coupling to the single-particle states of 10Li
lead to negligible contributions). The vibrational states of 9Li were calculated by
diagonalizing, in the random phase approximation (RPA), a multipole-multipole
separable interaction taking into account the contributions arising from the exci-
tation of particles into the continuum states. The self-consistent value for the cou-
pling strength was adopted, because a calculation in the neighbor nucleus 10Be
yields good agreement with the experimentally known transition probability of
the quadrupole low-lying vibrational state (Raman et al. (1987),Ajzenberg-Selove
(1988)).
In the calculation of the renormalization effects of the single-particle reso-
nances of 10Li due to the coupling to vibrational states one considered not only
the effective-mass-like diagrams (upper-part graph of Fig. 3, I(b), so called polar-
ization processes, cf. e.g. Mahaux et al. (1985)) leading to attractive (negative)
contributions to the single-particle energies, but also those couplings leading to
Pauli principle (repulsive) correction processes associated with diagrams contain-
ing two–particles, one–hole and a vibration in the intermediate states (lower-part
diagram of Fig. 3, I(b), associated with the exchange between valence nucle-
ons and those participating in vacuum zero point fluctuations, typical of Lamb
shift–like process). Because of such Pauli correction processes, the p1/2 state
experiences an upward shift in energy, arising from the coupling of this orbital
to the p3/2 hole-state through quadrupole vibrational states, in keeping with the
fact that the (p1/2 p−13/2) particle-hole excitation constitutes an important compo-
nent of the quadrupole vibration wavefunction (cf. Table 1). As a consequence,
the p1/2 state becomes unbound, turning into a low-lying resonance with centroid
Eres ≈ 0.5MeV. Due to the coupling to the vibrations the s−states are instead
shifted downwards. In fact, in this case there are essentially no (repulsive) contri-
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Figure 3: (I) Single-particle neutron resonances in 10Li. In (a) the position of the levels s1/2 and
p1/2 calculated making use of mean field theory is shown (hatched area and thin horizontal line re-
spectively). The coupling of a single-neutron (upward pointing arrowed line) to a vibration (wavy
line) calculated making use of the Feynman diagrams displayed in (b) (schematically depicted also
in terms of either solid dots (neutron) or open circles (neutron hole) moving in a single-particle
level around or in the 9Li core (hatched area)), leads to conspicuous shifts in the energy centroid
of the s1/2 and p1/2 resonances (shown by thick horizontal lines) and eventually to an inversion in
their sequence. In (c) we show the calculated partial cross section σl for neutron elastic scattering
off 9Li. (II) The two-neutron system 11Li. We show in (a) the mean-field picture of 11Li, where
two neutrons (solid dots) move in time-reversal states around the core 9Li (hatched area) in the s1/2
resonance leading to an unbound s21/2(0) state where the two neutrons are coupled to zero angular
momentum. The exchange of vibrations between the two neutrons shown in the upper part of the
figure leads to a density dependent interaction which, added to the nucleon-nucleon interaction,
correlates the two–neutron system leading to a bound state |0+〉, where the two neutrons move
with probability 0.40, 0.58 and 0.02 in the two-particle configurations s21/2(0), p
2
1/2(0) and d
2
5/2(0)
respectively.
1p−13/2 1p1/2 1p
−1
3/2 8 f7/2 1p
−1
3/2 9 f7/2 1s
−1
1/2 3d5/2 1p
−1
3/2 p1/2(pi) 1s
−1
1/2 1d5/2(pi)
Xph 1.02 0.07 0.08 0.07 0.15 0.09
Yph 0.28 0.05 0.06 0.06 0.09 0.07
Table 1: RPA wavefunction of the collective low-lying quadrupole vibration of 9Li (X
and Y are the forwardsgoing and backwardsgoing amplitudes respectively). The energy
of this state is E2+ = 3.3 MeV.
butions arising from the Pauli correction processes. On the other hand (attractive)
effective-mass-like processes with intermediate states consisting of one particle
plus a vibrational state of the type (d5/2×2+) lead to a virtual state with Evirt = 0.2
MeV (cf. Fig. 3, I(b)). The above results provide an overall account of the s−
and p−resonances observed experimentally. The important difference between the
distribution of the single-particle strength associated with the resonant state p1/2
and the virtual state s1/2 can be observed in Fig. 3, I(c), where the partial cross
section σl for neutron elastic scattering off 9Li is shown. While σp displays a clear
peak at 0.5 MeV, σs is a smoothly decreasing function of the energy. A small in-
crease in the depth of the potential felt by the s−neutron will lead to a (slightly)
bound state, hence the name of virtual (cf. e.g. Landau and Lifshitz (1981)).
Let us now discuss the mechanism by which the Cooper pair neutron halo
binds to the 9Li core to give rise to 11Li. While in the infinite system the existence
of a bound state of the (Cooper) pair happens for an arbitrarily weak interac-
tion Cooper (1956), in the nuclear case this phenomenon takes place only if the
strength of the nucleon-nucleon potential is larger than a critical value, value con-
nected with the discreteness of the nuclear spectrum. In fact, calculations carried
out making use of a particularly successful parametrization of the (bare) potential
(Argonne potential, Wiringa et al. (1984)), show that the nuclear forces are able to
bind Cooper pairs in open shell nuclei (leading to sizable pairing gaps (1-2 MeV)
Barranco et al. (1997)), but not in closed shell nuclei, the most important contri-
butions to the nucleon-nucleon (pairing) interaction arising from high multipole
components of the force (Belyaev (1959)).
The situation is however quite different for the ”open shell” nucleus 11Li, as
in this case the bare nucleon-nucleon interaction is not able to bind the two last
neutrons to the 9Li “core“. In fact, diagonalizing the Argonne potential in the ba-
sis of two-particle states |nl j× n′l j(0) > coupled to angular momentum zero, does
not lead to a bound state. The low-lying states resulting from the diagonalization
of the Argonne v14 nucleon-nucleon force are essentially dominated by one of the
configurations |s21/2(0) >, |p21/2(0) > or |d25/2(0) >. In fact, the Argonne interaction
produces almost no mixing between s−, p−waves and d−waves, but essentially
1p−13/2 1p1/2 2s
−1
1/2 5d3/2 1p
−1
1/2 6p3/2 2s
−1
1/2 3d5/2 2s
−1
1/2 5d5/2 1p
−1
3/2 1p1/2(pi)
Xph 0.824 0.404 0.151 0.125 0.126 0.16
Yph 0.119 0.011 -0.002 -0.049 -0.011 0.07
Table 2: RPA wavefunction of the collective low-lying quadrupole phonon in 11Li, of
energy E2+ =5.05 MeV, which contributes to the induced interaction in Fig.3.II. All listed
amplitudes, with the exception of the one displayed in the last column, correspond to
neutron transitions.
1p−11/2 2s1/2 1p
−1
1/2 3s1/2 1p
−1
1/2 4s1/2 1p
−1
1/2 1d3/2 1p
−1
3/2 5d5/2 1p
−1
3/2 6d5/2 1p
−1
3/2 7d5/2
Xph 0.847 -0.335 0.244 0.165 0.197 0.201 0.157
Yph 0.088 0.060 0.088 0.008 0.165 0.173 0.138
Table 3: RPA wavefunction of the strongest low-lying dipole vibration of 11Li, (E1− =0.75
MeV), and contributing most importantly to the pairing induced interaction (Fig.3.II). All
the listed amplitudes refer to neutron transitions.
it only lowers the energy of the unperturbed (resonant) configurations s21/2(0) and
p21/2(0) by about 80 keV without giving rise to a bound system. It is of notice that
the d25/2(0) configurations are essentially not shifted by the bare NN–interaction.
This result is very different from that obtained in nuclei lying along the stabil-
ity valley where typical pairing correlation energies are of the order of 1.5 MeV.
Making use of the same single-particle levels and of the same matrix elements of
the nucleon-nucleon potential in connection with the BCS equations does not lead
to a solution but to the trivial one of zero pairing gap (∆ν = 0,UνVν = 0). At the
basis of this negative result is the fact, already mentioned above, that the most im-
portant single-particle states allowed to the halo neutrons of 11Li to correlate are
the s1/2, p1/2 and d5/2 orbitals. Consequently the two neutrons are not able, in this
low-angular momentum phase space, to profit fully from the strong force-pairing
interaction.
Because of this result and those of Barranco et al. (1999), and in keeping with
the fact that 11Li displays low-lying collective vibrations (Sackett et al. (1993);
Zinser et al. (1997); Nakamura et al. (2006)), it is fair to expect that the exchange
of these vibrations between the two outer neutrons of 11Li is the main source of
pairing available to them to correlate. The L=0,1, and 2-vibrational spectrum
of 11Li (see Tables 1, 2 and 3) needed to calculate the matrix elements of this
induced interaction was determined in much the same way as in 9Li, that is mak-
ing use of the RPA. The soft dipole response is shown in Fig. 4(a). The low-
Figure 4: Dipole and monopole linear response functions and transition densities of 11Li calcu-
lated in the RPA.
lying quadrupole response is concentrated in a single peak, whose wavefunction
is shown in Table 2. The monopole response exhausting 94% of the EWSR is dis-
played in Fig. 4(c). All the resulting vibrational states were coupled to the single-
particle states making use of the corresponding transition densities (form factors,
cf. Fig. 4(b) and 4(d)) and associated particle–vibration coupling strengths.
The calculations of the effects of the exchange of soft-dipole vibrational phonons
includes the core dynamics in a fashion which is, to a large extent, equivalent to the
calculations reported (within this context see also Esbensen et al. (1997), Broglia
et al. (2002)) within the framework of a three-body cluster model. In fact, in this
model the soft dipole mode arises from the vibrations of the two weakly bound
neutrons with respect to the 9Li core. Within this model an interaction correlating
the two neutrons arises from a cross term of the recoil kinetic energy of the core.
In the Appendix of Esbensen et al. (1997) this term is shown to be equivalent to
a separable dipole-dipole interaction of the type used in our calculations. To be
noted however, that the cluster model does not include the dynamical renormal-
ization effects of the single-particle motion (in particular s- and p-motion) arising
from the coupling of single-particle motion to quadrupole vibrations of the 9Li
core. In fact, in the cluster model the core is assumed to be inert.
Allowing the two outer neutrons of 11Li to both exchange phonons (induced
interaction, Fig. 3, II(a)), as well as to emit and later reabsorb them (self-energy
correction, Fig.3, I(b)), leads to a bound (Cooper) pair, the lowest eigenstate of
the associated secular matrix being Egs = −0.270 MeV. This result is mostly due
to the exchange of the low-lying dipole vibrations shown in Fig.4(a) with asso-
ciated wavefunction collected in Table 3. Adding the nucleon-nucleon Argonne
potential to the induced interaction, one obtains Egs = −0.330 MeV, and thus a
two-neutron separation energy quite close to the experimental value. Measured
from the unperturbed energy of a pair of neutrons in the lowest state calculated
for 10Li, namely the s-resonance (Eunp = 2Es1/2 = 400 keV, cf. Fig.3,I(b)), it leads
to a pairing correlation energy Eo = Eunp − Eg.s. = 0.730 MeV (cf. Fig.3, II(b)).
From the associated two-particle ground state wavefunction Ψ0(~r1,~r2)(≡ 〈~r1,~r2|0+〉),
one obtains a momentum distribution (whose FWHM is σ⊥ = 56 MeV/c, for 11Li
on 12C) and ground state occupation probabilities of the two-particle states s21/2(0),
p21/2(0) and d
2
5/2(0) (0.40, 0.58 and 0.02 respectively, cf. Fig. 3,II(b)) which pro-
vide an overall account of the experimental findings. The radius of the associated
single-particle distribution is 7.1 fm. Adding to this density that of the core nucle-
ons one obtains the total density of 11Li (see discussion below as well as Fig. 7).
The associated mean square radius (3.9 fm) is slightly larger than the experimental
value.
The spatial structure of the Cooper pair described by the wavefunction Ψ0(~r1,~r2)
is displayed in Fig. 5. The mean square radius of the center of mass of the two
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Figure 5: Spatial structure of two-neutron Cooper pair. The modulus squared wavefunction
|Ψ0(~r1,~r2)|2 = |〈~r1,~r2|0+〉|2 (cf. Fig. 3, II (b)) describing the motion of the two halo neutrons
around the 9Li core (normalized to unity and multiplied by 16pi2r21r
2
2) is displayed as a function of
the cartesian coordinates x2 = r2 cos(θ12) and y2 = r2 sin(θ12) of particle 2, for fixed value of the
position of particle 1 (r1=2.5, 5, 7.5 fm) represented in the right panels by a solid dot, while the
core 9Li is shown as a red circle. The numbers appearing on the z-axis of the three-dimensional
plots displayed on the left side of the figure are in units of fm−2.
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Figure 6: Spatial distribution of the pure two-particle configurations s2
1/2
(0) and p2
1/2
(0) as a
function of the x- and y-coordinates of particle 2, for a fixed value of the coordinate of particle 1
(r1=5 fm). For more details cf. caption to Fig. 5.
neutrons is 〈r2cm〉1/2 = 5.4 fm. This result testifies to the importance the corre-
lations have in collecting the small (enhanced) amplitudes of the uncorrelated
two-particle configuration s21/2(0) in the region between 4 to 5 fm, region in which
the p21/2(0), helped by the centrifugal barrier, displays a somewhat larger con-
centration (cf. Fig. 6). From the above results, it emerges that the exchange of
vibrations between the least bound neutrons leads to a (density-dependent) pairing
interaction acting essentially only outside the core (cf. also Bertsch and Esbensen
(1991)). Of notice that the long wavelength behaviour of these vibrations is con-
nected with the excitation of the neutron halo, the large size of which not only
makes the system easily polarizable but provides also the elastic medium through
which the loosely bound neutrons exchange vibrations with each other. Within
this context, see the calculated single–particle density of 11Li (thick continuous
curve) displayed in Fig. 7, resulting from the summed contributions of the density
of the 9Li core (dashed curve) and of the halo neutrons (dotted curve).
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Figure 7: Calculated single–particle density of 11Li (thick continuous curve). The contributions
of the density of the core 9Li and of the halo neutrons are also shown.
From the above narrative it emerges that essentially all of the experimental
facts characterizing 11Li can be explained, even quantitatively, in terms of a simple
scenario: the formation of a neutron Cooper pair which is held together to the 9Li
core by exchanging low–frequency phonons corresponding to long–wavelength
vibrations of the system. Such a pairing mechanism is clearly reflected in the
calculated ground state wavefunction of 11Li,
|11Li(gs); 3/2−〉 = |0˜〉ν ⊗ |1p3/2(pi)〉, (33)
where pi and ν indicate proton and neutron degrees of freedom respectively, while
|0˜〉ν indicates the halo neutron Cooper pair wavefunction, that is,
|0˜〉ν = |0〉 + α|(p1/2, s1/2)1− ⊗ 1−; 0〉 + β|(s1/2, d5/2)2+ ⊗ 2+; 0〉, (34)
with
α ≈ 0.7, and β ≈ 0.1, (35)
and
|0〉 = 0.45|s21/2(0)〉 + 0.55|p21/2(0)〉 + 0.04|d25/2(0)〉, (36)
the states |1−〉 and |2+〉 being the (RPA) states describing the dipole pigmy reso-
nance of 11Li and the quadrupole vibration of 11Li. The intrinsic non–observability
of virtual processes (like the exchange of collective vibrations between Cooper
pair partners leading to the second and third components of the state |0˜〉ν) is a fact.
However, in those cases in which the experimental tool exists which specifically
probes the phenomenon under study, one can force the virtual processes of interest
to become real. In this way one could, for example, hope to observe the collective
vibrations of 11Li and of 9Li correlating the two–halo neutrons, with the help of a
two–particle transfer process, specific probe of pairing in nuclei.
In what follows it is shown that the experiment 1H(11Li,9Li)3H recently carried
out at TRIUMF by Tanihata et al. (2008), provides direct evidence of such process.
To convey the details of such an analysis the NFT–Feynman diagrams used
to calculate the wavefunction in Eq. (33) generalized to deal also with reaction
processes (Broglia and Winther (2004)), have been used (Fig.8).
From the diagrams displayed in Figs. 8 (b) and 8 (c), it is easy to understand
how the virtual propagation of collective vibrations (in the present case 1− and
2+ vibrations) can be forced to become a real process: by transferring one or
two units of angular momentum in a two–neutron pick up process. In particular,
the correlation mechanism displayed in Figs. 8 (b) and 8 (c) predicts a direct
excitation of the quadrupole multiplet of 9Li (see Fig. 8(e), see also Brink and
Broglia (2005) Fig. 11.6). On the other hand, if the two–neutron pick–up process
takes place before the virtual excitation of the vibrational mode, the ground state
of 9Li is populated (Fig. 8 (d)).
The 1/2− (2.69 MeV) first excited state of 9Li can also be excited through a
break up process in which one (see Fig. 8(f)), or both neutrons (see Fig. 8(g)) are
forced into the continuum for then eventually one of them to fall into the 1p3/2
orbital of 9Li and excite the quadrupole vibration of the core, in keeping with the
fact that the main RPA amplitude of this state is precisely X(1p−13/2, 1p1/2)(≈ 1)
(see Table 1). The remaining channel populating the first excited state of 9Li is
associated with an inelastic process (see Fig. 8(h)): two–particle transfer to the
ground state of 9Li and Final State (inelastic scattering) Interaction (FSI) between
the outgoing triton and 9Li in its ground state, resulting in the inelastic excitation
of the 1/2− state. It was shown in Potel et al. (2010) that the probabilities pl =
|S (c)l |2 associated with each of the processes discussed above, where the amplitude
S (c)l is related to the total cross section associated with each of the channels c by
the expression (Satchler (1980), Landau and Lifshitz (1981))
σc =
pi
k2
∑
l
(2l + 1)|S (c)l |2, (37)
are small. Consequently, the interference between the contributions of the pro-
cesses mentioned above to the differential cross section were taken into account
in Potel et al. (2010) making use of second order perturbation theory, instead of
a coupled channel treatment (see e.g. Ascuitto and Glendenning (1969),Tamura
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Figure 8: Representative Nuclear Field Theory–Feynman diagrams associated with correlation
process ((a),(b),(c)) and with one– and two–particle pick–up reactions ((i),(j) and (d),(e) respec-
tively) of the halo neutrons of 11Li (Cooper pair, indicated in terms of a double arrowed line). Also
shown are the possible diagrams associated with other channels (breakup and inelastic) populat-
ing the 1/2− (2.69 MeV) state: f) one of the neutrons is picked up (the other one going into the
continuum, i.e. breaking up from the 9Li core) together with a neutron from the p3/2 orbital of the
9Li core leading eventually to the excitation of the 1/2− final state (2+ density mode (wavy line)
coupled to the p3/2(pi)), g) the proton field acting once breaks the Cooper pair forcing one of the
halo neutrons to populate a p1/2 continuum state (the other one follows suit), while acting for the
second time picks up one of the neutrons moving in the continuum and another one from those
moving in the p3/2 orbital of 9Li eventually leaving the core in the quadrupole mode of excitation.
In (h) the two–step transfer to the 9Li ground state plus the inelastic final channel process exciting
the (2+ ⊗ p3/2(pi))1/2− state is shown.
Figure 9: Experimental (Tanihata et al. (2008)) and theoretical differential cross sections (includ-
ing multistep transfer as well as breakup and inelastic channels). of the 1H(11Li,9Li)3H reaction
populating the ground state (3/2−) and the first excited state (1/2−; 2.69 MeV) of 9Li. Also shown
(dash–dotted curve) is the differential cross section associated with this state but taking into ac-
count only multistep transfer. The optical potentials used are from An and Cai (2006)and Tanihata
et al. (2008).
et al. (1970),Khoa and von Oertzen (2004), Rodriguez-Gallardo et al. (2008), Kee-
ley et al. (2007a) and refs. therein).
Making use of the elements discussed above, multistep transfer, breakup and
inelastic channels were calculated. In all the calculations the proton–neutron po-
tential involved in the transfer was parametrized according to Tang and Herndon
(1965) with a depth adjusted so as to reproduce the experimental deuteron binding
energy. This is also true concerning the calculation of the (t, p) and (p, t) results
displayed in Sections 5–7. The results are shown in Figs. 9 and 10 and in Table
4. Theory provides an overall account of the experimental findings. In particular,
in connection with the 1/2− state, this result essentially emerges from cancella-
tions and coherence effects taking place between the three terms contributing to
the multistep two–particle transfer cross section (see Fig. 10), tuned by the nu-
clear structure amplitudes associated with the process shown in Fig. 8(e) as well
as Eqs. (33)–(36). In fact, and as shown in Figs. 9 and 10, the contributions of
inelastic and break up processes (Figs. 8(f),(g) and (h) respectively) to the popu-
lation of the 1/2− (2.69 MeV) first excited state of 9Li are negligible as compared
with the process depicted in Fig. 8(e). In the case of the breakup channel (Figs.
8(f) and 8(g)) this is a consequence of the low bombarding energy of the 11Li
beam (inverse kinematics), combined with the small overlap between continuum
(resonant) neutron p1/2 wavefunctions and bound state wavefunctions. In the case
of the inelastic process (Fig. 8(h)), it is again a consequence of the relative low
bombarding energy. In fact, the adiabaticity parameters ξC, ξN (see eqs. (IV.12)
and (IV.14) of Broglia and Winther (2005)) associated with Coulomb excitation
and inelastic excitation in the t+9Li channel are larger than 1, implying an adi-
abatic cutoff. In other words, the quadrupole mode is essentially only polarized
during the reaction but not excited. The situation is quite different in the case of
the virtual process displayed in Fig. 8 (e). Being this an off–the–energy shell
process, energy is not conserved, and adiabaticity plays no role. It would be very
interesting to challenge the results of the above calculations with eventual data for
the same reaction at higher incident energy.
It is worth mentioning that the final states observed in the two neutron pick–up
process can, in principle, also be populated in a one–particle pick–up process (see
Figs. 8(i) and 8(j)).
While the direct excitation of the 1/2−,2.69 MeV state of 9Li carries out an
important message, namely evidence for phonon mediated pairing interaction in
nuclei and can rightly be considered a milestone in two–nucleon transfer studies of
nuclear superfluidity, the absolute value of the 11Li
(
1H, 3H
)
9Li(gs) cross section
contains also much information concerning nuclear pairing, as can be seen from
Fig. 11 and Table 5 (cf. also Tanihata et al. (2008)). It clearly emerges from these
results that the ground state correlations associated with the exchange of phonons
between the two halo neutrons can change the absolute ground state cross section
by a factor of 2, an effect that is experimentally confirmed.
σ(11Li(gs)→ 9Li (i)) (mb)
i ∆L Theory Experiment
gs (3/2−) 0 6.1 5.7 ± 0.9
2.69 MeV (1/2−) 2
 (β = 0.1)(β = 0) 0.70.05 1.0 ± 0.36
Table 4: Integrated two-neutron differential transfer cross sections, in the angular range 20◦–150◦
in which the observation has been made, associated with the ground state (gs (3/2−)) and with the
first excited state (2.69 MeV; 1/2−) of 9Li in comparison with the data (Tanihata et al. (2008)).
In the case of the 1/2− state two calculations have been carried out. One making use of the
microscopic wavefunction given in Eqs. (33)–(36). A second one in which it is (arbitrarily)
assumed that β = 0 (see Eq. (34)). That is, that the only processes populating the first excited state
of 9Li are associated with breakup and inelastic channels (see also Fig. 10).
Figure 10: Successive, simultaneous and non-orthogonality contributions (prior represen-
tation) to the 1H(11Li,9Li)3H differential cross section associated with the 1/2− state of
9Li, displayed in Fig. 9. Also shown is the (coherent) sum of the breakup and inelastic
channel contributions.
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Figure 11: Differential cross section associated with the reaction 11Li
(
1H, 3H
)
9Li(gs)
calculated making use of: a) the wavefunction (33)–(36) (continuous solid curve), b) the
wavefunction |0 >= 0.63|s21/2(0) > +0.77|p21/2(0) > +0.06|d25/2(0) >, i.e. like (36) but
normalized not to 0.51 but to 1, tantamount of not including ground state correlations
(dashed continuous curve), c) s21/2 pure configuration (dotted continuous curve), d) p
2
1/2
pure configuration (cross continuous curve). The experimental data is also reported (see
Fig. 9).
σ(11Li(gs)→ 9Li (gs)) (mb)
exp. 5.7 ± 0.9
GSC a) 6.1
no GSC b) 12.1
s21/2
c) 23.2
p21/2
d) 2.2
Table 5: Absolute cross sections resulting from the integration of the calculated differ-
ential cross sections reported in Fig. 11 as well as of the associated experimental data,
integrated in the angular range 20◦–150◦. For the meaning of a), b), c) and d) we refer to
the caption of Fig. 11.
5. The 122Sn(p, t)120Sn (gs) reaction: pairing in superfluid nuclei
A consistent fraction of the pairing gap (30–50%) in medium heavy nuclei is
due to a long-range pairing force arising from the exchange of low-lying collec-
tive vibrations (see e.g. Barranco et al. (1999), Barranco et al. (2004) and Pastore
et al. (2008)). This seems to be also consistent with recent studies of pairing pro-
perties of nuclear ground states making use of lowest–order contributions of chiral
three–nucleon interactions (Hebeler et al. (2009), Duguet et al. (2010)). Such am-
bitious studies involve a number of steps, namely: 1) determination of the mean
field from the low momentum plus 3N interactions (vNN+3N)low–k, 2) calculation of
the associated linear response, taking into account the coupling to 2p − 2h states
(see Fig. 13), 3) determination, making use of these elements and of e.g. nuclear
field theory diagramatic techniques, of the dressed single–particles (polarization
and correlation processes), as well as of the induced pairing interaction vind in-
cluding vertex renormalization effects (see Fig.12), 4) use (vNN+3N(1S 0))low–k + vind
to calculate the anomalous density and (vNN+3N)low–k− (vNN+3N(1S 0))low–k to correct
the normal density, 5) restart the whole process until convergence is achieved.
While such a program, although being within reach and eventually forthcom-
ing has not yet been implemented, a number of important results have been ob-
tained by using Skyrme interactions in the p − h sector (mean field), and Gogny
(or v14 Argonne potential as in the present case, see below) in the pp sector. In
keeping with these results, one can argue that a quantitative description of pair-
ing in nuclei can likely be attained by correlating pairs of nucleons through the
bare nucleon-nucleon potential and the exchange of collective surface vibrations.
In what follows, we provide evidence for such a scenario in the case of typical
superfluid nuclei, namely 119Sn, 120Sn and 121Sn.
The formalism used to carry out the calculations, is based on the Dyson equa-
tion (Terasaki et al. (2002a) and Terasaki et al. (2002b)). It can describe on equal
footing the dressed one-particle state a˜ of an odd nucleon renormalized by the
(collective) response of all the other nucleons (Figs. 12(a)-(d)), the renormaliza-
tion of the energy ~ων (Figs. 13(a)-(b)) and of the transition probability B(Eλ)
(Figs. 2(c)-2(f)) of the collective vibrations of the even system where the num-
ber of nucleons remains constant (correlated particle-hole excitations), and the in-
duced interaction due to the exchange of collective vibrations between pairs of nu-
cleons, moving in time reversal states close to the Fermi energy (Figs. 12(e)-(g)),
including both self-energy and vertex correction processes. Within this frame-
work, the self-consistency existing between the dynamical deformations of the
density and of the potential sustained by ”screened” particle-vibrations coupling
vertices leads to renormalization effects which make finite (stabilize) the collec-
tivity and the self-interaction of the elementary modes of nuclear excitation. In
particular of the low-lying surface vibrational modes. Such a scenario provides an
accurate description of many seemingly unrelated experimental findings, in terms
of very few (theoretically calculable) parameters, namely: the k−mass mk (Ma-
haux et al. (1985)) and the particle vibration coupling vertex h(abν), associated
to the process in which a quasiparticle changes its state of motion from the un-
perturbed quasiparticle state a to b, by absorbing or emitting a vibration ν (Bohr
and Mottelson (1975),Mottelson (1976),Bertsch et al. (1983) and Bortignon et al.
(1998)).
The Dyson equation describing the renormalization of a quasiparticle a, due
to this variety of couplings (see Fig.12(a)–(d)) can be written as (Van der Sluys
et al. (1993))
Ea 00 −Ea
 + Σ11(E˜a) Σ12(E˜a)
Σ12(E˜a) Σ22(E˜a)
 x˜a
y˜a
 = E˜a x˜a
y˜a
 , (38)
where Σii and Σi j, (i , j) are the normal and abnormal self-energies. The quanti-
ties Ea denote the quasiparticle energies obtained from a previous diagonalization
of the bare nucleon-nucleon potential within the framework of the generalized
Bogoliubov-Valatin transformation. A Skyrme interaction (Sly4 parametrization,
with mk ≈ 0.7m Chabanat et al. (1997)), is solely used to determine the prop-
erties of the bare single-particle states. The collective vibrations in the particle-
hole channel were determined by diagonalizing a separable multipole–multipole
interaction (Bohr and Mottelson (1975), Ring and Schuck (1980)). In the particle-
particle (pairing) channel the interactions used were the bare nucleon-nucleon v14
Argonne potential (Wiringa et al. (1984)) and the exchange of collective vibra-
tions.
Eq. (38) is solved iteratively, and simultaneously for all the involved quasi-
particle states. At each iteration step, the original quasiparticle states a become
fragmented over the different eigenstates a˜, a fragmentation which also affects the
two–particle transfer spectroscopic amplitudes (see Table 6 and 14)
As seen from Fig. 15, Hartree-Fock theory is not able to account for the exper-
imental quasiparticle energies of the low-lying states. Diagonalizing the Argonne
v14 nucleon-nucleon potential in the Hartree-Fock basis, within the framework of
the generalized Bogoliubov-Valatin approximation, the situation remains largely
unchanged. This is consistent with the fact that HF + v14 accounts for about
half of the empirical pairing gap value (≈ 1.4 MeV) obtained from the odd-even
mass difference (see Fig. 16). Solving (38) but this time taking into account also
the induced pairing interaction arising from the exchange of vibrational mode
one obtains the state dependent pairing gap labeled Renorm.NFT in Fig.16 and
the corresponding quasiparticle spectrum displayed in Fig.15. Making use of the
two-nucleon spectroscopic amplitudes associated with the full solution of Eq. (38)
Figure 12: Renormalization processes arising from the particle vibration coupling phe-
nomenon. A line indicates quasiparticles obtained from BCS theory, making use of the
mean field single-particle states and the nucleon-nucleon v14 Argonne potential. The wavy
line indicates the vibrational states.
(HF + v14+induced ≡ Renorm.NFT) (see Table 6 and Fig. 14), the absolute cross
section associated with the 122Sn(p, t)120Sn(gs) reaction at 26MeV was calculated,
making use of the optical parameter reported in Guazzoni et al. (1999). The re-
sults in comparison with the experimental data are displayed in Fig. 17 and Table
6.
Of notice that the relative importance of the bare and induced interaction con-
tributions to the pairing gap depends, among other things, on the treatment of the
k–dependence of mk, a question which will be eventually solved through the use
of (vNN+3N)low–k. Within the present treatment of the pairing gap, one can turn the
above argumentation upside down, and state that because the collectivity of vi-
brational modes arises from a coherent sum of two–quasiparticle states, it will be
rather independent of details of the single–particle spectrum, and depend mainly
on the average level density around the Fermi energy. Thus, this contribution is
expected to be rather stable, provided the collective states show a weak isotopic
dependence as it is the case for the Sn–isotopes.
Figure 13: Most relevant processes taken into account in the renormalization of the energy
of the phonon (a-b) and of the associated transition strength (c-f).
state Eqp B j
2d3/2 0 0.57
1h11/2 0.08 0.88
1g7/2 0.45 0.54
3s1/2 0.69 0.22
2d5/2 1.11 0.12
1g7/2 1.28 0.008
2d5/2 1.37 0.21
3s1/2 1.46 0.013
2d5/2 1.65 0.021
1g7/2 1.93 0.032
2d3/2 2.02 0.008
2d5/2 2.04 0.077
2d5/2 2.57 0.013
1g7/2 2.58 0.01
1h11/2 2.82 0.015
2d5/2 3.56 0.008
1h11/2 3.92 0.015
2d5/2 4.70 0.014
2d5/2 5.74 0.012
2d5/2 8.14 0.008
Table 6: Two–particle transfer spectroscopic amplitudes B j =
√
j + 1/2u˜ jv˜ j (see also
Fig. 14) for the valence orbitals of superfluid nuclei around 120Sn. In the first and sec-
ond columns the nlj single–particle quantum numbers and the quasiparticle energies are
displayed respectively.
jFigure 14: Two–nucleon transfer spectroscopic amplitudes B j =
√
j + 1/2u˜ jv˜ j (see also
Table 6), where u˜ j = x˜ ju j − y˜ jv j and v˜ j = x˜ jv j + y˜ ju j.
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Figure 15: The spectra of the lowest quasiparticle states in 120Sn calculated using Hartree-
Fock theory, BCS with the Argonne v14 potential, and after renormalization, are compared
to the experimental levels in the odd neighbouring nuclei 119Sn and 121Sn.
Figure 16: The state-dependent pairing gap for the levels close to the Fermi energy ob-
tained using BCS theory with the v14 Argonne potential (circles) is compared with the
results obtained including renormalization effects (∆˜ j = 2E˜ ju˜ jv˜ j/(u˜ j2 + v˜ j2), Terasaki
et al. (2002a),Schrieffer (1964)).
σ(µb)
Theory Experiment
Renorm.NFT 2466
2505 ± 376(±18.02)
v14 969
Table 7: Absolute cross section in µb associated with the reaction 122Sn(p, t)120Sn(gs) at
an incident proton energy of 26 MeV integrated in the angular range 5◦ to 75◦. In the
third column the experimental value is reported (Guazzoni et al. (1999)) together with the
estimated systematic error of 15%. The quantity quoted in parenthesis is the statistical
error of the measurement. In the second column the theoretical predictions displayed
corresponds to the full solution of the Dyson (see Eq. 38) equation taking properly into
account both the bare and the induced interaction (Renorm.NFT) as well as the solution
associated with only the bare v14 NN–potential (see also Figs. 15 and 16).
/s
r)
Figure 17: Differential cross section associated with the 122Sn(p, t)120Sn(gs) reaction at
26 MeV calculated making use of the spectroscopic amplitudes B j (see Table 6) in com-
parison with the experimental data (Guazzoni et al. (1999)). The dashed line correspond
to the calculation making use of just the NN v14 potential without the induced interaction.
The optical parameters used in the calculations are quoted in Guazzoni et al. (1999).
6. The 112Sn(p, t)110Sn (gs) reaction
In ref. Guazzoni et al. (2006) a study of the spectroscopy of 110Sn via the
(p, t) reaction on 112Sn at an incident proton energy of 26 MeV was reported. The
data was analyzed in term of spectroscopic amplitudes obtained by diagonalizing a
renormalized low momentum potential in a shell model basis. This vlow−k potential
was derived from the CD–Bonn nucleon–nucleon potential (Machleidt (2001)). It
was then used to derive a two–body interaction to act between the valence neutrons
(see Kuo et al. (1971), Suzuki and Lee (1980), Bogner et al. (2002)). It was
assumed in (see Coraggio et al. (2004)) that 100Sn is a closed core, the valence
nucleon being allowed to move on the 0g7/2, 1d5/2, 1d3/2, 2s1/2 and 0h11/2 orbitals.
The energy of these levels were taken from the results of an analysis of low–
energy spectra of light odd Sn–isotopes. The resulting values of the two–nucleon
transfer spectroscopic amplitudes were reported in Table IV of Guazzoni et al.
(2006); see also Covello et al. (1997) and Andreozzi et al. (1996) and the optical
parameters reported in the same reference. Making use of these values we have
calculated, taking into account successive, simultaneous and non–orthogonality
contributions as explained above in the paper, the gs→ gs absolute differential
cross section. The results of the calculation in comparison with the experimental
data are reported in Fig. 18 and Table 8.
σ(µb)
Theory Experiment
1301 1309 ± 200(±14)
Table 8: Absolute cross section in µb associated with the reaction 112Sn(p, t)110Sn(gs) at
an incident proton energy of 26 MeV integrated in the angular range 6◦ to 57.5◦. In the
second column the experimental value is reported (Guazzoni et al. (2006)) together with
the estimated systematic error of 15%. The error quoted in parenthesis is the statistical
error of the measurement. In the first column the theoretical prediction is displayed.
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Figure 18: Differential cross section associated with the 112Sn(p, t)110Sn (gs) reaction at
an incident proton energy of 26 MeV. The dots represent the experimental data (Guaz-
zoni et al. (2006)), the solid curve the total theoretical prediction. The other curves rep-
resent the successive (dashed), simultaneus (dotted-dashed), non–orthogonality (dotted)
and simultaneus+non–ortogonality (crosses) contributions. The optical potential used in
the calculation is quoted in this reference.
7. The 208Pb(t, p)206Pb (gs) reaction: pairing in normal nuclei
The basic property associated with superfluid nuclei, is the existence of a fi-
nite value α0 =< 0|P†|0 > (= ∑ν uνvν within BCS theory) of the pair transferred
operator P† =
∑
ν>0 a
†
ν¯a
†
ν (P =
∑
ν>0 aνaν¯), in the (mean field) ground state, im-
plying an interweaving of particle and hole degrees of freedom around the Fermi
energy, as testified by the structure of quasiparticle excitations (α†ν = uνa
†
ν − vνaν¯).
This scenario implies that the superfluid nucleus defines a privileged orientation in
gauge space. Fluctuation in particle number associated with the interaction among
quasiparticle states, proportional to the field (u2ν+v
2
ν) restores gauge symmetry (see
e.g. Be`s and Broglia (1966) and Broglia et al. (2000)).
Around closed shell nuclei, while α0 = 0, the standard deviation σ =
= (
∑
int < 0|P†|int >< int|P|0 >)1/2 = (∑int | < int|P|0 > |2)1/2 is, as a rule,
large. In particular in the case in which |0 >= |208Pb(gs) >. In other words, the
|206Pb(gs) > can be viewed as a vibrational mode of |208Pb(gs) > which change
particle number by 2. Similarly, the |210Pb(gs) > is interpreted as the pair addition
mode of |208Pb(gs) >. Pairing vibrational bands around closed shell nuclei have
been studied in detail, in particular that around 208Pb (see e.g. Flynn et al. (1972),
Broglia et al. (1973)).
Within the RPA approximation one can calculate the forwards– and backwards–
going amplitudes X and Y and thus the two–particle transfer spectroscopic ampli-
tudes. In the case of the reaction 206Pb(t, p)208Pb(gs) (pair removal mode) one can
write
Bnl j =
∑
i
Xiδnl j,i −
∑
k
Ykδnl j,k (39)
where i label the states below N=126 shell closure (i.e. 3p1/2,2 f5/2,...) while k
those above (i.e. 2g9/2,1i11/2,...). Making use of the RPA wavefunctions obtained
following the prescription of e.g. Broglia et al. (1973) (also Broglia and Riedel
(1967)), the B-coefficients listed in Table 9 are worked out. Of notice that the RPA
wavefunction of the pair removal mode (|206Pb(gs) >) is normalized according to∑
i X2i −
∑
k Y2k = 1, and that the second term in Eq.(39) is associated with ground
state correlations. Neglecting it, and using as normalization condition
∑
i X2i = 1,
one obtains the so called Tamm–Dancoff approximation to the B–coefficients.
Making use of these two–nucleon transfer spectroscopic amplitudes and of the
optical parameters reported in the above two references, the absolute differential
cross sections where calculated (see Fig.19). Integrating these cross sections in
the angular range 4.5–176.5 degrees, one obtains the value reported in Table 10 in
comparison with the experimental findings.
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Figure 19: Differential cross section associated with the reaction 208Pb(t, p)206Pb (gs) at
an incident triton energy of 12 MeV (Bjerregaard et al. (1966)). The theoretical predic-
tions (continuous curve) were worked out making use of the two–nucleon spectroscopic
amplitudes displayed in Table 9 taking into account ground state correlations (column la-
beled RPA of Table 9). The results neglecting this contributions (TD entry of Table 9) are
shown with a dashed curve. Those calculated making use of the pure p−21/2(0) configuration
are displayed with a dotted curve. The optical parameters used in the calculations were
determined from elastic scattering data and are quoted in Broglia and Riedel (1967).
Bnl j
state nl j RPA (TD)
1h9/2 0.15 (0.14)
2 f7/2 0.21 (0.26)
1i13/2 0.29 (0.28)
3p3/2 0.23 (0.22)
2 f5/2 0.32 (0.31)
3p1/2 0.89 (0.85)
2g9/2 0.18
1i11/2 0.15
1 j15/2 0.13
3d5/2 0.06 (–)
4s1/2 0.06
2g7/2 0.10
3d3/2 0.05
Table 9: Two–nucleon transfer spectroscopic amplitudes (Eq. (39)) calculated taking into
account ground state correlations (RPA) and neglecting them (TD) (see Broglia and Riedel
(1967)).
σ(mb)
Theory Experiment
RPA 0.52
0.68 ± 0.20TD 0.34
p−21/2(0) 0.08
Table 10: Cross section associated with the 208Pb(t, p)206Pb(gs) reaction at a triton bom-
barding energy of 12 MeV, integrated in the angular range 4.5–176.5 degrees. The sys-
tematic errors of the experimental data (Bjerregaard et al. (1966)) are estimated to be 30%.
The three theoretical entries correspond to the results including (RPA) and not including
(TD) ground state correlations, as well as considering the ground state of 206Pb as a pure
p−21/2(0) configuration.
8. The 208Pb(16O,18O)206Pb (gs) reaction: heavy ion processes
We now turn our attention to the results obtained in the analysis of the heavy–
ion reaction 208Pb(16O, 18O)206Pb at 86 MeV 16O bombarding energy. As the
wavelength of the relative motion is relatively short at this energy (λ ' 0.8 fm),
the semiclassical scheme is applicable. In Fig. 20 we display the corresponding
results for the transition to the 206Pb ground state worked out making use of the
B j–coefficient displayed in Tables 9 (206Pb; RPA) and 11 (18O (gs)) in comparison
with the results worked out within the framework of a fully quantal theory, (sec-
ond order DWBA formalism) and making use of the optical potential displayed in
Table 12 in comparison with the experimental data (von Oertzen et al. (1983),Lil-
ley (1983), see also Bayman and Chen (1982)).
nl j Bnl j
1d5/2 0.89
2s1/2 0.45
Table 11: Two–particle transfer spectroscopic amplitudes associated with the transfer of
two neutron between |16O(gs)> and |18O(gs)>.
V rV aV W rW aW
65 1.35 0.34 45 1.34 0.33
Table 12: Parameters of the optical potential used in the calculation of the reaction
208Pb(16O,18O)206Pb (Bayman and Chen (1982)).
σ(mb)
Theory Experiment
Quantal 0.80
0.76 ± 0.23
Semiclassical 1.02
Table 13: Cross section associated with the reaction 208Pb(16O,18O)206Pb(gs) integrated
in the angular range from 84.5 to 158.5 degrees. The systematic errors are estimated to be
30%.
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Figure 20: Differential cross section for the reaction 208Pb(16O, 18O)206Pb at an energy of
86 MeV of the 16O in the laboratory frame, expressed in µb/sr. We present the results of
the quantal (continuous line) and semiclassical (dashed line) calculations, along with the
experimental data (dots), (Lilley (1983)). The optical potentials used in the calculations
are displayed in Table 12.
9. Conclusions
Examples of studies of pairing in nuclei with the help of two–nucleon transfer
reaction have been discussed. They cover both single– as well a many–Cooper
pair systems. Those corresponding to the first group range from light, weakly
bound, drip–line systems to highly stable, near closed shell nuclei lying along
the stability valley. Sn–isotopes provide the embodiment of many (but still few)
Cooper pair–open–shell systems lying along the valley of stability.
As it emerges from the previous narrative and as can be seen from Fig. 21
and Table 14, theoretical predictions reproduce the data within experimental er-
rors without free parameters. This is a consequence of the use of reliable optical
parameters for entrance, intermediate and exit channels and to the treatment, on
equal footing, of the structure and of the reaction aspects of the phenomena under
discussion. Within this scenario, it is only a question of time before the optical po-
tential becomes routine part of the reaction–structure computational output/input.
It is well established that single Cooper pair transfer is the specific tool to
probe pairing correlations in nuclei. This fact translates itself through structure–
reaction calculations, in the fact that the absolute value of two–particle transfer
cross sections are a result of the interweaving of a number of structure amplitudes
and of single–particle reaction form factors. The interference of such contribu-
tions can lead to important amplifications of the physical effects which are at the
basis of nuclear pairing. In particular, the relative role played by bare and by in-
duced pairing interactions, as well as that played by ground state correlations, in
connection with the structure and stability of nuclear Cooper pairs.
Particularly revealing examples of the validity of the above scenario are pro-
vided by:
1) the absolute cross section associated with the first excited state of 9Li in the
11Li
(
1H, 3H
)
9Li(1/2−; 2.69MeV) reaction: a 10−2 probability of the component
|(s1/2, d5/2)2+ ⊗ 2+; 0 > in the 11Li ground state leads to an order of magnitude in-
crease of σ(11Li(gs)→ 9Li(1/2−)), from a value of 5× 10−2mb to a value of 0.7mb
(exp. value 1.0 ± 0.36mb), providing direct evidence of phonon mediated pairing
in nuclei;
2) the change in the absolute cross section associated with the reaction
122Sn(p, t)120Sn(gs) from 969µb to 2466µb (exp.value 2505±376µb), when phonon
mediated pairing is added to the bare NN–interaction in the calculation of the
many Cooper pair ground state wavefunctions of the Sn–isotopes;
3) the absolute cross section change of the reaction 208Pb(t, p)206Pb(gs) from 340µb
to 520µb (exp. value 680 ± 210µb), by including in the |206Pb(gs)> state, about
9% of ground state correlations.
Arguably, the above results are likely to signal, if not the starting of the “exact”
era of nuclear pairing studies, in any case the end of the qualitative one which was
σ(gs→f)
f Theory Experiment
11Li
(
1H, 3H
)
9Li
gs 6.1 a) 5.7 ± 0.9 a)
1/2− 0.7 a) 1.0 ± 0.36 a)
122Sn(p, t)120Sn gs 2466 b) 2505 ± 376(±18) b)
112Sn(p, t)110Sn gs 1301 b) 1309 ± 200(±14) b)
208Pb(t, p)206Pb gs 0.52 a) 0.68 ± 0.21 a)
208Pb(16O,18O)206Pb gs 0.80 a) 0.76 ± 0.18 a)
Table 14: Summary of the absolute two–particle transfer cross sections predictions in
comparison with the experimental data (see Tables 4, 7, 8, 10 and 13). The superscripts a)
and b) indicate that the cross sections are measured in mb and in µb respectively.
mainly based on relative two–particle transfer reactions cross section calculations.
We want to thank Ben Bayman for discussions concerning the construction of
the two–particle transfer code. Financial support from the Ministry of Science and
Innovation of Spain grants FPA2009–07653 and ACI2009–1056 are acknowledge
by FB and GP and by FB respectively.
Figure 21: Summary of the absolute differential cross section predictions in comparison
with the experimental data (see Figs. 9, 17, 18, 19 and 20).
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